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The OPERA detector
The OPERA (Oscillation Project with Emulsion tRacking Appararus) [1] experiment was designed to conclusively prove the existence of ν µ → ν τ oscillations by the appearance of ν τ in a pure ν µ beam. The detector was located in the underground Gran Sasso Laboratory, 730 km from CERN, on the CNGS neutrino beam line. The ν τ signature is the detection of a τ -lepton (flight length of about 600 µm) produced by Charged Current (CC) interaction with the target mass of the detector. To cope with the challenging task of keeping a high granularity in a large detector mass the technique of Emulsion Cloud Chamber (ECC) has been used. The OPERA ECC target unit (called brick ) is composed of a sequence of 57 nuclear emulsion sheets interleaved with 56, 1 mm thick, lead plates for a mass of 8.3 kg; its transverse size is 12.5 × 10.2 cm 2 and the thickness along the beam direction is about 10 radiation lengths. A nuclear emulsion film is made of a 205 µm plastic base with a 44 µm sensitive layer on both sides. In the OPERA apparatus 150000 bricks were arranged in two target sections having each 28 vertical planes (called walls) transverse to the beam; each wall was followed by two planes of plastic scintillator strips that composed the Target Tracker (TT) allowing to locate the brick in which the neutrino interaction occurred with a precision of O(cm). Each target section was completed by a magnetic spectrometer instrumented with Resistive Plate Chamber (RPC) detectors and high precision Drift Tubes (DT).
Event reconstruction and analysis
The electronic detector data was used to identify the brick in which the neutrino interaction occured. Events were classified as Charged Current like (1µ) if a track was tagged as a muon or if a minimum number of detector walls was traversed, or as Neutral Current like (0µ) in the complementary case [2] . The bricks tagged as containing a neutrino interaction vertex were extracted from the detector, their emulsion films were then developed and sent to the scanning laboratories in Europe and Japan, where a search for τ decays was performed using custom automated optical microscopes. The search for the neutrino interaction vertex starts from a set of track predictions, provided by the electronic detectors, found tracks are followed back in the brick, film by film, from the most downstream one to the point where they originate. When a track disappears (i.e. is not found in three consecutive films) a volume of 1 cm 2 by 5 films upstream and 10 films downstream of the possible vertex point is scanned in order to fully explore the vertex area and possibly find other associated particle tracks. The search for the possible decay of a secondary track is then performed through a dedicated decay search procedure [4] . Vertexes for which one track has an impact parameter larger than 10 µm are further analysed [2, 3] , searching for secondary decay vertexes. According to the decay topology of the event, either in one prong (electron, muon or hadron) or in three prongs, kinematical selection criteria are then applied to validate the candidate for appearance of the τ lepton. 19 protons on target (p.o.t.). The decay search procedure has been applied, after analysis of most of the data, to 5408 events. Out of this sample, five τ candidates match the recontruction criteria introduced in the previous section. One of them is in the τ → µ decay channel [7] , three in τ → 1h [5, 8, 9] and one in τ → 3h [6] . In the analysed sample 0.25 ± 0.05 background events are expected, mainly from charmed events with an undetected primary muon, the remaining part coming from hadronic re-interactions (for the hadronic decay channels) and large angle muon scattering (for the τ → µ channel) as shown in Tab. 1. Taking into account the different signal-to-noise ratio for each decay channel, by the observation of five candidates a 5.1σ significance for the exclusion of the background-only hypothesis in the search for ν µ → ν τ oscillation is achieved [9] . 
Search for sterile neutrinos
The neutrino oscillation phenomenon is currently well described by the mixing of three neutrino flavor eigenstates (ν e , ν µ and ν τ ) with three mass eigenstates (ν 1 , ν 2 and ν 3 ). Nevertheless there are experimental results that cannot be accomodated within this framework [10] . These anomalies may hint to the existence of sterile neutrino(s) with ∆m 2 ∼ 1 eV 2 . The OPERA experiment can test the sterile neutrino hypothesis looking for deviations from predictions of the standard three-neutrino model. OPERA ν τ appearance results have been used to derive limits on the mixing parameters of a massive (∼ eV) sterile neutrino [12] . In presence of a fourth sterile neutrino with mass m 4 , the oscillation probability is a function of the 4 × 4 mixing matrix U and of the three squared mass differences. Observed neutrino oscillation anomalies, if interpreted in terms of one additional sterile neutrino, suggest |∆m 19 p.o.t. [11] , 19 ν e candidate events were observed. This number is compatible with the expected ν e from the beam contamination (19.8 ± 2.8). The current result on the search for the three-flavour neutrino oscillation yields an upper limit sin 2 2θ 13 < 0.44 (90% C.L.). OPERA limits the parameter space available for a non-standard ν e appearance suggested by the results of the LSND and MiniBooNE experiments [10] . It further constrains the still allowed region around ∆m values, a Bayesian approach has been used and the upper limit on sin 2 2θ new reaches the value 7.2 · 10 −3 . These results will be updated using 50 ν e candidates observed in the full data set.
Conclusions
The OPERA experiment taking data from 2008 to 2012, collected 17.97 · 10 19 p.o.t. Five ν τ candidates have been observed and the observation of ν µ → ν τ oscillations due to background only is excluded at 5.1σ. The observed number of ν e interactions is compatible with the non-oscillation hypothesis, but allows OPERA to set an upper limit in the parameter space for a non-standard ν e appearance. Limits on the mixing parameters of a massive sterile neutrino have also been derived in the ν µ → ν τ appearance channel and the exclusion limits on ∆m 2 41 have been extended down to values of 10 −2 eV 2 at large mixing for sin 2 2θ µτ 0.5.
